Human immunodeficiency virus (HIV) protease inhibitors (PIs) are important components of many highly active antiretroviral therapy regimens. However, development of phenotypic and/or genotypic resistance can occur, including cross-resistance to other PIs. Development of resistance takes place because trough levels of free drug are inadequate to suppress preexisting resistant mutant variants and/or to inhibit de novo-generated resistant mutant variants. There is thus a need for new PIs, which are more potent against mutant variants of HIV and show higher levels of free drug at the trough. We have optimized a series of substituted sulfonamides and evaluated the inhibitors against laboratory strains and clinical isolates of HIV type 1 (HIV-1), including viruses with mutations in the protease gene. In addition, serum protein binding was determined to estimate total drug requirements for 90% suppression of virus replication (plasma IC 90 ). Two compounds resulting from our studies, designated DPC 681 and DPC 684, are potent and selective inhibitors of HIV protease with IC 90 s for wild-type HIV-1 of 4 to 40 nM. DPC 681 and DPC 684 showed no loss in potency toward recombinant mutant HIVs with the D30N mutation and a fivefold or smaller loss in potency toward mutant variants with three to five amino acid substitutions. A panel of chimeric viruses constructed from clinical samples from patients who failed PI-containing regimens and containing 5 to 11 mutations, including positions 10, 32, 46, 47,  50, 54, 63, 71, 82, 84, and 90 had mean IC 50 values of <20 nM for DPC 681 and DPC 681, respectively. In contrast, marketed PIs had mean IC 50 values ranging from 200 nM (amprenavir) to >900 nM (nelfinavir).
New agents for the management of human immunodeficiency virus (HIV) infection are needed in order to provide long-term suppression of virus in infected individuals. The ongoing requirement for new therapeutics arises both from the emergence of drug-resistant strains resulting from continuing replication in the presence of regimens that do not completely suppress virus production and from acute HIV infection with drug-resistant strains (5, 6, 9, 12, 14, 25, 28, 30) .
Current therapeutics are targeted to two essential enzymes of the virus: the aspartyl protease and the reverse transcriptase (RT). The viral protease of HIV is responsible for the specific cleavage of two viral polyproteins leading to production of a set of structural proteins and enzymes essential for the replication of HIV (18) . The construction of infectious DNA clones of the virus with mutations in the protease gene established the essentiality of the viral protease for proper and timely processing of the viral polyproteins, leading to the production of infectious virus particles (19) . The wealth of structural information and knowledge of substrate specificity and mechanism of action led to the discovery, development, clinical testing, and subsequent approval of several inhibitors within this class of HIV drugs.
As a class, the protease inhibitors (PIs) have substantial clinical efficacy (4, 10, 11, 21; B. C. King, S. Brun, T. Marsh, R. Murphy, C. Hicks, J. Eron, J. Thommes, R. Gulick, M. Glesby, M. Thompson, C. White, M. Albrecht, H. Kessler, A. Hsu, R. Bertz, D. Kempf, N. Travers, K. Real, A. Japour, and E. Sun, Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 546, 2000) . Indeed, their ability to mediate significant decreases in viral burden led to a revolution in the understanding of HIV replication dynamics (5, 12, 15, 27) and to the adoption of a triple-drug regimen, including a PI, as the optimal therapy in 1996. This standard has recently been modified to include nonnucleoside reverse transcriptase inhibitors (NNRTIs) as part of highly active antiretroviral therapy (HAART) (3, 23) . Regardless of specific makeup of the regimen, the goal of HAART is twofold: (i) suppression of wildtype virus to prevent new mutations from arising and (ii) suppression of likely preexisting mutant variants to block the further, sequential accumulation of mutations. In general, successful HAART regimens contain members of at least two classes of agents from among the three currently available classes (nucleoside RT inhibitors, NNRTIs, and PIs). There are currently six approved inhibitors of the PI class (ritonavir, indinavir, nelfinavir, amprenavir, lopinavir [ABT 378], and saquinavir).
Despite the clinical benefit observed with HAART regimens (4, 10, 21; King et al., 40th ICAAC), inevitably, most regimens fail; failure rates of 20 to 40%/year for PI-containing regimens have been reported (4, 22) . If failure occurs concomitantly with the generation of resistant virus variants, further therapeutic options are limited owing to the cross-resistance shown by many PI-resistant variants containing certain amino acid substitutions. Thus, there is a clear need for compounds with improved properties such that outgrowth and the spread of resistant virus variants would be decreased or prevented. These properties include the ability of the drug to bind to and inhibit the target enzyme (inhibitor potency), the ability of the drug to be absorbed and retained within the bloodstream (pharmacokinetics), and the relative level of the drug able to diffuse across infected cell membranes to approach the target enzyme (plasma-free fraction defined by the extent of protein binding). Compounds with an improved overall profile would be considered expanded-spectrum PIs, which are suitable for use in both treatment-naive and treatment-experienced individuals harboring genotypically and phenotypically resistant virus variants. We simultaneously considered potency, protein binding, and pharmacokinetics, while optimizing peptido-mimetic compounds containing the sulfonamide moiety. We describe here the structure and biological properties in vitro of DPC 681 and DPC 684, two expanded-spectrum inhibitors of the viral protease.
MATERIALS AND METHODS

Synthesis of DPC 681 and DPC 684.
The synthesis of the substituted aminosulfonamide PIs DPC 681 and DPC 684 is depicted in Fig. 1 
-dimethylbutanamide hydrochloride 1 with 3-or 4-nitrobenzenesulfonylchloride and potassium carbonate in tetrahydrofuran (THF)-water gave the substituted sulfonamides 2a and 2b. The fluorinated benzyl residues were introduced by treating 2a or 2b with excess 3-fluorobenzylamine in refluxing THF. Reduction of the nitrosulfonamides by hydrogenation with palladium hydroxide-carbon gave the aminosulfonamides DPC 681 and DPC 684. Additional experimental details will be published elsewhere.
Other PIs. Nelfinavir (Viracept), indinavir (Crixivan), amprenavir (Agenerase), lopinavir (ABT 378; Kaletra), and the cyclic urea DMP 323 were prepared and/or chromatographically isolated at DuPont Pharmaceuticals Co. All inhibitors were stored as dimethyl sulfoxide solutions at 4°C.
Measurement of inhibition of viral and cellular proteases. The ability of PIs to inhibit HIV type 1 (HIV-1) protease was assessed by using a fluorescent peptide substrate: aminobenzoyl-Ala-Thr-His-Gln-Val-Tyr-Phe NO 2 -Val-Arg-Lys-Ala (the scissile bond is indicated in boldface) (8) . Single-chain dimeric HIV protease was utilized to allow extremely low concentrations of the protease (50 pM) in reactions. K i values were determined under conditions of substrate and inhibitor excess relative to the enzyme concentration (test compound concentration, 0.1 to 25 nM) by using the Michaelis-Menten equation for competitive inhibitors. Spectrophotometric and fluorometric assays were used to measure the inhibitory potency of DPC 681 and DPC 684 against cellular aspartyl proteases, chymotrypsin-like proteases, matrix metalloproteinases (MMPs), Factor X, and thrombin (8, 31) .
Measurement of antiviral activity. The ability of PIs to inhibit HIV replication in tissue culture was assessed by using five different assay systems. The yield of infectious virus produced in 3-day acute infections by the HIV-1 (RF) strain in MT-2 cells (multiplicity of infection [MOI] ϭ 0.02 PFU/ml) or in a 7-day acute infection in peripheral blood mononuclear cells (PBMC) (MOI ϭ 0.1 PFU/ml for IIIB virus) was measured by using a plaque assay of the culture fluid containing progeny virions as previously described (26) . Virus from the yield reduction portion of the assay was serially diluted and added to MT-2 or MT-4 cells, and agar overlay was added 24 h later. After 7 days, the monolayer was stained and plaques were counted (26) . The antiviral activity was also determined by measurement of viral RNA accumulation in HIV-1 (RF)-infected MT-2 cells (2). The titer of RF virus was established to determine the dilution producing 15 to 30 ng of RNA per well of HIV RNA after 3 days of infection. HIV-1 RNA was quantitated by using biotinylated capture and alkaline phosphatase-derivatized reporter oligonucleotides (2) . In a third system, the effect of analogs on the replication of recombinant viruses in the HXB2 or NL4-3 background was determined as previously described (16) . Recombinant viruses were recovered by transfecting ligated plasmids by lipofection. Titers of virus stocks recovered at 7 to 10 days posttransfection were determined on MT-4 cells to determine the dilution producing 1,000 to 3,000 ng of p24 in 4 days. This dilution was then used in drug susceptibility assays, wherein drug was added at 24 h postinfection of cells, and p24 was quantitated via enzyme-linked immunosorbent assay 3 days later. In a fourth system, recombinant viruses incorporating patient-derived protease and RT genes that had been PCR amplified from plasma virus were assayed in a reporter cell line as described by Hertogs et al. (13) and conducted at Virco Laboratories, Virco NV, Belgium. Viruses representing non-clade B isolates were subtyped by a combination of sequencing and heteroduplex mobility shift assay on regions of the Gag and Env genes (M.-P. de Bethune, K. Hertogs, L. Heyndrickx, J. Vingerhoets, K. Fransen, H. Azijn, L. Michiels, W. Janssens, A. Scholliers, B. Larder, S. Bloor, R. Pauwels, and G. Van der Groen, 3rd Int. Workshop HIV Drug Resist. Treatment Strategies, abstr. 49, 1999). The activity of the laboratory virus strain NL4-3 was assessed in PBMC by using the Department of Defense-ACTG protocol of Japour et al. (17) , using an MOI of either 4,000 or 8,000 50% tissue culture infective doses (TCID 50 )/ml and 7-day incubations. PBMC from HIV-seronegative donors were obtained by Ficoll-Hypaque gradient centrifugation of heparinized blood and stimulated by incubation with phytohemagglutinin and interleukin-2 for 72 h. In all assays, the concentration of compound that reduced the measured parameter by 50 or 90% was designated the IC 50 or the IC 90 , respectively.
Protein binding. To estimate the effect of human plasma protein binding on antiviral efficacy, a functional assay and, in some cases, physical measurement of the extent of binding to serum proteins were used. In the functional assay, in vitro antiviral assays were conducted in the absence or presence of the two major components of human plasma, namely, human serum albumin (HSA) and alpha- 1-acid glycoprotein (AAG) (antiviral shift assay). In the latter condition, the tissue culture medium contained a final concentration of 45 mg HSA and 1 mg of AAG per ml, concentrations of serum proteins likely found in the plasma of AIDS patients. The IC 90 in the presence of these added components was then compared to the IC 90 measured in the absence of components and reported as the fold increase in IC 90 observed (i.e., the protein binding shift). Dialysis and/or ultrafiltration, followed by liquid chromatography-mass spectrometry (LC-MS) analysis of media, were used to determine the percent free drug present in human serum or in tissue culture medium containing 5% fetal bovine serum. Analyses were conducted for DPC 681, DPC 684, lopinavir, indinavir, amprenavir, and nelfinavir under identical conditions. Pharmacokinetic studies. The pharmacokinetics of DPC 681 and DPC 684 in beagle dogs was determined after oral and intravenous (i.v.) dosing. Groups of dogs (one male and two female) were given either a single oral 10-, 30-, or 100mg/kg dose of DPC 681 or DPC 684 in methanesulfonic acid solution. In addition, two groups of male dogs (n ϭ 3) were given a single 1-mg/kg dose of either DPC 681 or DPC 684 in a solution of N,N-dimethylacetamide, propylene glycol, and water (10/40/50 [vol/vol/vol] by i.v. infusion. Plasma was extracted by solidphase extraction and analyzed by LC-MS. Pharmacokinetic parameters were calculated by using noncompartmental methods.
RESULTS AND DISCUSSION
DPC 681 and DPC 684 are potent, selective inhibitors of the HIV-1 protease. The concentration of compound required to inhibit cleavage of the substrate by 50% was designated the IC 50 . The K i values for the PIs are shown in Table 1 for wild-type enzyme. For reference, assay values for indinavir, saquinavir, nelfinavir, ritonavir, amprenavir, and lopinavir are also included. DPC 681 and DPC 684 have ca. 10-foldhigher potency relative to the marketed PIs against peptide substrate as determined by a sensitive fluorescence-based assay using subnanomolar levels of tethered HIV protease dimer.
The potential for inhibition of cellular aspartyl protease, chymotrypsin-like protease or matrix metalloprotease was examined. The initial test concentrations of DPC 681 and DPC 684 were selected to reflect levels at least 750 times that required to inhibit HIV protease by 50% (IC 50 ) as determined against the viral polyprotein GAG substrate and Ͼ5 ϫ 10 5 times the apparent K i value for the viral protease. Less than 50% inhibition was observed at concentrations of Ͼ13 M against renin, pepsin, cathepsin D, cathepsin G, chymotrypsin, MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-13, MMP-14, MMP-15, thrombin, Factor Xa, trypsin, or plasmin. Thus, both DPC 681 and DPC 684 are highly selective for the retroviral protease relative to the cellular proteases. In contrast, ritonavir showed inhibition of the three mammalian aspartic acid proteases tested, including moderately potent inhibition of renin (IC 50 ϭ 1.7 M). The clinical relevance of such inhibition is unknown. Tables  2 and 3 . The mean and standard deviation values are shown. DPC 681 and DPC 684 are extremely potent inhibitors of wild-type HIV-1. When all of the HIV-1 strains tested are considered, the average concentrations required for 90% inhibition of replication were 7.3 Ϯ 3.4 and 14.5 Ϯ 11.1 nM for DPC 681 and DPC 684, respectively. Slightly higher IC 90 values were observed in PBMC or with HIV-2, but the IC 90 values for these viruses still fall within the threefold range typical for antiviral assays (2, 17, 26) . Both inhibitors are equally potent against clades A, B, C, D, E, F, G, and H of the main group M viruses. A single isolate of group O showed lowered ability to be inhibited by DPC 684, but more isolates must be examined prior to concluding that there is a general loss of sensitivity of group O isolates to this protease inhibitor.
Antiviral activity against laboratory strains and clinical isolates of HIV
Antiviral potency against recombinant mutant HIVs. To characterize the antiviral potency of DPC 681 and DPC 684 further, a panel of recombinant viruses with selected mutations in the protease gene, as well as viruses that appeared in tissue culture in the presence of suboptimal levels of PI, was utilized. The recombinant mutant HIVs were constructed by site-directed mutagenesis techniques by using the infectious proviral clone HXB2 (16) . Viruses constructed corresponded to those which are known to cause resistance to members of the PI class, including D30N (identified in nelfinavir-exposed treatment failures), M46I/I47V/I50V (identified in amprenavir selection experiments [24] ), a multiply substituted variant corresponding to virus isolated from indinavir failures (L10R, M46I, L63P, V82T, and I84V [6] ), and a multiply substituted variant described as highly resistant to ritonavir (M46I, L63P, A71V, V82F, and I84V [21] ) Note that several of the amino acid changes present in these recombinant viruses (e.g., L63P, A71V, and L10R) are likely compensatory in nature (6; (8, 16) . The V82F/I84V double protease mutant was subsequently found to require compensatory mutations in the substrate Gag within the matrix (p17) region and is thus designated as a triple a Site-directed mutant virus containing five mutations (M46I, L63P, A71V, V82F, and I84V) and resistant to ritonavir as described by Markowitz et al. (21) .
b Site-directed mutant virus containing five mutations (21) . (L10R, M46I, L63P, V82T, and I84V) and resistant to indinavir as described by Condra et al. (6) .
c Site-directed mutant virus containing three mutations (M46I, I47V, and I50V) and resistant to amprenavir as described by Pazhanisamy et al. (24) .
d Fold increase, fold increase over the wild type (WT). Table  4 , DPC 681 and DPC 684 show potency losses of 5.3-fold or less against these site-directed recombinant and in vitro-selected viruses. The low absolute concentrations required for 90% inhibition of these mutant viruses should translate to a need for relatively low levels in plasma to maintain suppression. Provided sufficient levels of drug are maintained at the trough to cause 90% suppression of the wild-type virus, substantial inhibition of mutants associated with nelfinavir, indinavir, ritonavir, and amprenavir failure will also occur, including variants with multiple substitutions that are the hallmark of highly PI-experienced patients. Antiviral potency against PI-resistant clinical isolates. A panel of 30 isolates was selected from the Virco collection to approximate the prevalence of phenotypic resistance to various PIs observed among samples submitted for routine clinical testing. The isolates included in the panel included 20 isolates with phenotypic resistance to 4 or more PIs (containing 6 to 10 mutations), 7 isolates resistant to either amprenavir, nelfinavir, or ritonavir, and 3 isolates resistant either to indinavir and ritonavir or to nelfinavir and ritonavir. The complete genotypes for these viruses are provided in Table 5 . These isolates were examined for their sensitivity to marketed PIs, as well as DPC 681 and DPC 684; the data are shown as absolute measurements and the fold increase relative to the control (HXB2) strain used (Fig. 2 ). An expanded concentration range was utilized for lopinavir, DPC 681, and DPC 684 to obtain IC 50 values for all isolates. In contrast, data for nelfinavir and indinavir were truncated at 1.3 M, the highest concentration tested. DPC 681 and DPC 684 are significantly more potent against these clinical chimeras than any of the marketed inhibitors. For comparison purposes, the concentration corresponding to the average IC 50 was determined. For lopinavir this value was 130 nM, while for DPC 681 and DPC 684 the average IC 50 s were 18 and 14 nM, respectively. Antiviral activity in the presence of human serum components. Many drugs bind to plasma proteins. The effect of such binding is to decrease the concentration of free drug available to interact with the target. For antiretrovirals, clinical failure has been associated with significant and unexpected protein binding. Protein binding was estimated in a functional assay in which the effect of added human serum (50%) or purified components of human serum (HSA and AAG) on the measured IC 90 was determined. This analysis is designated the protein binding shift assay, and results are expressed as a fold increase in measured IC 90 . The data shown in Table 6 for protein binding shift indicate that nelfinavir, amprenavir, lopinavir, DPC 681, and DPC 684 are subject to a much larger impact of added serum proteins than is indinavir. Similar shift assays using tissue culture experiments in 50% human serum have been recently reported for the approved inhibitors (7) ; nelfinavir showed the largest degree of impact of added serum, while indinavir showed only a small shift. Shift assays of these types can underestimate the impact of protein binding to the extent that serum factors other than HSA or AAG may bind drugs and because of assumptions of linearity in extrapolating from data derived in tissue culture experiments carried out in 50% human serum. These features of protein binding may or may not be equivalent for different inhibitors. Since we wished to directly compare the new PIs with approved agents, we determine the impact of serum proteins by determining the serum-free fraction by physical separation and detection. Recent studies designed to assess the impact of PIs on human umbilical venous endothelial cells have suggested that intracellular levels of PIs correlate well with the extracellular level of unbound drug (1) . The fractional binding of DPC 681; DPC 684, and marketed PIs to tissue culture media and to human serum was determined by using dialysis or ultrafiltration and LC-MS detection ( Table 6 ). We then calculated the total drug required for suppression of virus by adjusting the measured antiviral potency by the protein binding to tissue culture medium and then calculating the corresponding total drug equivalents by adjusting for the serum protein binding. This total drug quantity, defined as the plasma IC 90 , is determined as the 
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DPC 681 AND DPC 684 measured IC 90 ϫ free fraction in tissue culture medium/free fraction in human serum. Table 6 compares the measured potency and the calculated plasma IC 90 for wild-type and mutant viruses for DPC 681, DPC 684, and several marketed PIs. In order to compare the data obtained with site-directed recombinant viruses (IC 90 measured) with that from clinical chimeras (IC 50 measured), a IC 50 -to-IC 90 conversion factor was needed. The IC 50 and IC 90 values were compared in in vitro assays performed using the sensitive plaque assay, and the following IC 90 /IC 50 ratios were observed: DPC 681, 2.3 Ϯ 0.8; DPC 684, 2.7 Ϯ 1.1; lopinavir, 3.2 Ϯ 0.8; indinavir, 3.6 Ϯ 1.1; nelfinavir, 3.4 Ϯ 1.9; and amprenavir, 2.9 Ϯ 0.3. Therefore, a conversion factor of 3.0 was applied. Further, the corresponding plasma IC 90 for 90% of the clinical chimeras was determined (i.e., the concentration required for 90% suppression of 27 of 30 viruses in the Virco PI-resistant virus panel). The 90% cutoff was chosen to reflect an ambitious goal: suppression of the majority of highly mutant viral variants. These data suggest that if plasma levels can be maintained in excess of ϳ1 M, either DPC 681 or DPC 684 should provide potent suppression of even highly mutated viral variants. In contrast, indinavir, nelfinavir, amprenavir, or lopinavir would require blood levels at trough of at least 10 to 100 M, concentrations unlikely to be achieved or adequately tolerated with twice-daily or three-times-daily dosing regimens, even with pharmacologic modulators such as cytochrome P450 inhibitors.
Pharmacokinetics of DPC 681 and DPC 684. Table 7 shows the pharmacokinetic parameters for DPC 681 and DPC 684 in dogs. The total body clearance (CL) of DPC 681 in dogs was high (1.8 liter/h/kg) equaling hepatic blood flow for this species (1.8 liter/h/kg). After an oral dosing, the C max increased ninefold between the 10-and 30-mg/kg DPC 681 dose groups. Bioavailability also increased between the 10-and 30-mg/kg dose groups (18.3 and 78.1%, respectively). These data suggest that hepatic extraction (first-pass effect) can be saturated in the dog. The CL of DPC 684 was 0.94 liter/h/kg, about half of the hepatic blood flow for dogs. The C max increased 14-fold between the 10-and 30-mg/kg DPC 684 oral-dose groups. DPC 684 bioavailability also increased with dose, again suggesting saturable hepatic extraction. The apparent half-life for both DPC 681 and DPC 684 in dogs was between 1 and 2 h. DPC 681 and DPC 684 levels in plasma at ca. 3 to 6 h after a 30-mg/kg dose were sufficient to inhibit 90% of the wild-type and mutant viruses. These DPC 681 and DPC 684 pharmacokinetic parameters were used to compare analogs and were not used to predict human trough levels. The human pharmacokinetics of another sulfonamide-containing PI, amprenavir, were not predicted by those observed in dogs. Amprenavir was not detected 8 h postdose after oral administration in the dog (data not shown), whereas ϳ1 M levels have been reported in humans given a similar dose (Agenerase package insert). Moreover, the halflife of amprenavir in the dog was ca. 0.3 h, much shorter than the reported clinical half-life (3 to 9 h).
Summary. The potent PIs DPC 681 and DPC 684 described here show substantial improvements in their protein bindingadjusted resistance profile compared to currently available PIs. The potential ability of these compounds to inhibit multi-PIresistant isolates is attributable to a combination of improved binding to the target enzyme and the projected adequacy of the plasma-free fraction.
The major findings for DPC 681 and DPC 684 in 2-week safety assessment studies in rats and dogs were histologic changes in the livers of rats given DPC 681 or DPC 684 and electrocardiographic findings in dogs given DPC 684. Multinucleation, increased mitoses, and single-cell necrosis of hepatocytes characterized the histologic changes in the livers of rats. This liver histology in rats occurred at concentrations of DPC 681 or DPC 684 in plasma that were severalfold higher than that anticipated in humans. The electrocardiographic finding in dogs given DPC 684 was mild 1°atrioventricular (AV) block. The 1°AV block, largely characterized by prolonged PR duration, did not progress to 2°AV block and was completely reversible. QT duration was not prolonged, and no abnormal arrhythmias were observed in any dogs given DPC 684. In humans given DPC 684, potential electrocardiographic changes can be directly monitored.
Because of the poor predictability of preclinical pharmacokinetics of the available PIs to mimic the trough levels in humans, the final assessment of the potential of DPC 681 and DPC 684 to extend treatment options for HIV-infected patients who have failed PI-containing regimens awaits confirmation in phase I clinical trials. Such studies are now in progress.
